A high-accuracy cryogenic radiometer has been developed at the National Institute of Standards and Technology to serve as a primary standard for optical power measurements. This instrument is an electrical-substitution radiometer that can be operated at cryogenic temperatures to achieve a relative standard uncertainty of 0.021% at an optical power level of 0.8 mW. The construction and operation of the high-accuracy cryogenic radiometer and the uncertainties in optical power measurements are detailed.
Introduction
Until recently, the primary standard for optical power measurements at the National Institute of Standards and Technology 1NIST2 was a silicon photodiode-based device with nearly 100% quantum efficiency. 1 This device consists of three inversionlayer photodiodes in a light-trapping arrangement, and the relative standard uncertainty in its quantum efficiency is 0.11%. 2 Although this device provides a convenient standard, it is currently the limiting element in the accuracy of several NIST radiometric scales such as detector spectral response 2 and the detector realization of the candela. 3 Furthermore, for applications requiring the highest accuracy, its spectral range is limited to 450-700 nm. To obtain improved accuracy and increased spectral range of the primary standard, we have developed a high-accuracy cryogenic radiometer 1HACR2, which is an electrical-substitution device that can be operated near the temperature of liquid helium. In a previous paper, 4 measurements of the quantum efficiency of silicon photodiode light-trapping detectors obtained by the use of both the HACR and the NIST Spectral Comparator Facility were compared and found to agree within the combined uncertainties of the measurements. We describe the construction, operation, and accuracy of the HACR in this paper, whereas its use in a new realization of the NIST scale of detector spectral response is described in a companion paper. 5 An electrical-substitution radiometer can be used to link optical power measurements to the watt by comparing the temperature rise induced in an absorbing mass by incident optical radiation to that induced by electrical heating. 1We use the term optical to refer to all electromagnetic radiation from ultraviolet to infrared wavelengths, i.e., wavelengths of roughly 200 nm to 20 µm.2 Although this technique is nearly a century old, 6 only recently have these devices been operated at cryogenic temperatures, which allows relative standard uncertainties of 0.01% in measurements of optical power. Cryogenic electrical substitution radiometry was first developed at NIST for temperature measurements, 7 and soon thereafter for the calibration of lowtemperature vacuum blackbodies. 8, 9 A similar apparatus was also developed at the National Physical Laboratory 1NPL2 in the United Kingdom in conjunction with Oxford Instruments, first to perform a measurement of the Stefan-Boltzmann constant, 10, 11 and shortly thereafter for high-accuracy measurements of optical power that use collimated radiation. 12 The NIST HACR is also based on the NPL-Oxford design. However, changes have been made in the design and operation, especially in the instrumentation and computer control of the measurement process. Furthermore, we have performed an additional analysis of the accuracy of the HACR, as operated at NIST. Another radiometer based on the NPL-Oxford design is in use at the PhysikalischTechnische Bundesanstalt in Berlin, Germany. 13 The organization of the paper is as follows. In Section 2 we describe the radiometer, the accompanying laser system, and the measurement instrumentation. In Section 3 we describe the measurement procedures and analyze the accuracy of the HACR. We conclude the paper and discuss future goals in Section 4.
Apparatus
A drawing of the HACR is shown in Fig. 1 and a detailed view of its critical elements is shown in Fig.  2 . The essential elements of the HACR are a copper cavity 1designed to maximize the absorption of radiation2, an electrical heater located on this cavity, a reference block maintained at a fixed temperature, and a weak thermal link between the cavity and the reference block. Optical or electrical heating raises the temperature of the cavity above that of the reference block; a new equilibrium temperature is reached when the heating is balanced by the heat flow through the weak thermal link to the reference block. Heating is first performed with optical power, and then the magnitude of this power is determined by finding the electrical power that yields the same temperature rise.
There are two conflicting requirements for the size of the cavity: A small cavity has a low heat capacity, allowing a short time constant, which is desirable for precise and practical measurements. However, a large cavity with a small entrance aperture maximizes the absorption by reducing the light lost by diffuse reflection from the cavity. A major advantage of operating at a temperature of 5 K is that the heat capacity of copper is reduced from the roomtemperature value by a factor of ,1000, which allows a large, highly absorptive cavity to be used without degrading the time constant. Another advantage of low-temperature operation is the dramatically reduced radiative coupling of the cavity to its surroundings. The only thermal radiation from room temperature that reaches the cavity originates at the window and is transmitted through a narrow solid angle defined by the cold shields. Finally, the use of superconducting leads effectively eliminates the lead-heating error in room-temperature electricalsubstitution radiometers, which is due to heat generated in the wires to the heater. 6 Although the time constant of the system is dramatically reduced from several days at room temperature to roughly 4 min at 5 K, it is still longer than desired. To improve the speed and accuracy with which measurements can be obtained, we fit the time dependence of the voltage across the temperature sensor to a mathematical model, so as to predict the asymptotic temperature of the cavity. Furthermore, we have automated the measurements under computer control, which is essential for the practical use of the HACR as a primary standard and which Detailed view of the critical elements of the HACR: a, liquid-helium reservoir; b, thermal link between liquid-helium reservoir and the reference block; c, reference block 15 K2; d, reference-block GRT's; e, thermal anchoring of GRT leads; f, thermal link between the reference block and the cavity; g, top end cap of cavity; h, slanted piece within cavity; i, cavity cylinder; j, bottom end cap of cavity; k, cavity GRT's; l, wire-wound heater; m, thin-film heater; n, laser beam. also permits a more thorough evaluation of the measurement uncertainties.
A. Construction of the Radiometer
Cryostat
The liquid-helium cryostat shown in Fig. 1 constitutes most of the physical size of the radiometer. A collimated optical beam enters the radiometer through a window at the bottom of the cryostat. Although the electrical-substitution method requires only that the heat load on the cavity from sources other than the applied optical or electrical power be constant, the best first step toward this goal is isolating the cavity from all other heat sources. For heat exchange with the environment to be minimized, the cryostat is maintained at a pressure of less than 10 25 Pa 110 27 Torr2 by a turbomolecular pump and the cryopumping by the liquidhelium and liquid-nitrogen reservoirs. For radiative heating to be minimized, the cavity is nested inside four shields: two 4.2-K shields attached to the liquid-helium reservoir, a shield between the liquid-helium and liquid-nitrogen reservoirs, and a 77-K shield attached to the liquid-nitrogen reservoir. The only break in this shielding is for the path of the optical beam. The effects of thermal radiation along this path are discussed in Subsection 3.D.
Reference Block and Thermal Link
The cavity is connected to a copper reference block by a thin-walled stainless-steel tube. In the absence of optical or electrical heating, the cavity temperature is very near the temperature of the reference block. The weak thermal link allows a 1-K rise in the temperature of the cavity with respect to the reference block for an input power to the cavity of 1 mW. The reference block is connected to the liquid-helium reservoir, but its temperature is elevated to 5 K by the use of a wire-wound heater, and it is actively stabilized with a temperature controller. 14, 15 There are two germanium resistance thermometers 1GRT's2 on the reference block; one is used as the input for the control circuitry. A constant current source, external to the temperature controller, is used to supply current to the control GRT. The temperature stability, as determined by monitoring the other thermometer, is typically 150 µK during a typical measurement period of 45 min, and 350 µK over many hours. However, occasional excursions 1ori-gin not yet clearly identified2 of as much as 350 µK may occur on the time scale of a measurement.
Cavity
The receiving cavity is designed for nearly complete absorption of laser radiation. It consists of an electroformed copper cylinder, 15 cm long, 5 cm in diameter, and weighing 220 g. Within the cavity is included a surface that is inclined at a 30°angle to the axis of the cylinder. The interior of the cavity is coated with a specular black paint, 16 except for the inside of the bottom end cap, which is painted with a diffusely reflecting black paint. 17 As shown in Fig.  2 , the laser beam enters the cavity through a 12-mm aperture in the bottom end cap and undergoes five specular reflections within the cavity. The absorptance of the cavity was determined to be 99.998% by comparison with a NIST reflectance standard of 632.8 nm. 1For an analysis of the absorptance of this cavity design, see Ref. 12.2 Datla et al. 18 measured the specular and diffuse reflectance of Chemglaze Z302 at an incident angle of 45°to be below 10% and 1%, respectively, over the wavelength range from 0.3 to 40 µm; in the narrower range between 0.4 and 15 µm, the specular reflectance was measured to be between 5% and 7%. Recently Stock and Hofer 19 measured the temperature dependence of the reflectance of a cavity coated with Chemglaze Z302. When it was cooled from 293 K to 4 K, they found a reproducible, reversible decrease of the reflectance of 10%. Because of the low absolute value of the reflectance of the HACR cavity, this change in the reflectance with temperature is a negligible effect for our measurements.
Electrical Heaters
A fundamental requirement for the validity of the electrical-substitution method is that the electrical heater should produce the same temperature rise, for an equal applied power, as the optical source. The uncertainty in measuring the optical power because of possible nonequivalence of the two heating methods is discussed in Subsection 3.C. As a way to make the two heating methods as equivalent as possible, a thin-film resistive heater was deposited at the position where the laser beam first strikes the inside of the cavity, before being painted over with Chemglaze. The heater consists of a resistive layer 11-cm-diameter, 0.1-mm-thick carbon-loaded polymer2 and electrical contacts 10.1-mm-thick silverloaded polymer2, deposited over two insulating layers 12.5 cm diameter, each 0.1-mm-thick silicone polymer2. 20 Although measurements of optical power with the HACR are generally performed with this heater, a second heater of completely different construction was also installed so as to permit tests of the temperature rise obtained for a different electrical heating configuration. This second heater is a resistive wire that is noninductively wound around the outside of the upper end of the cavity.
Superconducting niobium wires are used to provide electrical connections to the heaters. These wires are also thermally anchored to the cavity with thermally conductive varnish to avoid nonequivalence errors that could be caused by alternate pathways for heat to leak from the cavity.
Cavity Thermometry
As shown in Fig. 2 , two GRT's are located within copper cylinders that are soldered to the inside of the top end cap of the cavity, one in the center and the other off center. Two thermometers were installed to allow for systematic checks 1discussed in Subsec-tion 3.C2 and for insurance in the event of failure of one of the thermometers. The leads connected to each thermometer are wrapped around the copper cylinders and secured with conductive varnish.
Optical Path
The optical beam enters the radiometer through a window at the bottom of the cryostat, passes through apertures in the centers of two sets of large-area annular quadrant photodiodes, and enters the cavity through the aperture in its bottom end cap. The flange holding the window is machined so that the light is incident upon the window at the Brewster angle. By the use of light polarized in the plane of incidence of the window, the reflectivity of the window is minimized. The window flange is attached to the cryostat with a bellows and has three equally spaced screws that are adjusted to minimize the light reflected from the window. The 50-mmdiameter, 6-mm-thick window is made of highquality fused silica.
To facilitate alignment of the laser light into the cavity and to measure the amount of laser light scattered out of the beam, two sets of four annular quadrant silicon photodiodes, each 50 mm in diameter with a 9-mm-diameter central aperture to pass the beam, are located along the optical path. One set is located at the bottom of the 77-K shield, and the other is located at the bottom of the 4.2-K shield. Each set consists of four independent quadrant photodiodes, which are operated in the photovoltaic mode. The photocurrent from each photodiode on the 77-K 14.2-K2 shield is sent to a transimpedance amplifier with a gain of 10 7 110 8 2 V@A. The apertures in the two sets of quadrant photodiodes are the limiting apertures in the optical path. The diameter of the apertures in the shields 1at the locations where the photodiodes are mounted2 is 12 mm. The distance from the quadrant photodiodes on the 4.2-K shield to the entrance of the cavity is 4 cm, and the distance between the sets is 22 cm.
For the entrance of scattered background light and thermal radiation into the cavity to be minimized, a radiation trap is located between the two sets of quadrant photodiodes. This trap consists of a tube of 1.5-mm-thick, 60-mm-diameter copper and two baffles within this tube. 1The apertures in the baffles do not limit the field of view of the cavity.2 The trap is attached to the 4.2-K shield and coated with a diffusely reflecting black paint. 17 
B. Laser System
A collimated beam of polarized light with a typical power level of 0.8 mW is required for high-accuracy measurements with the radiometer. In addition it is convenient, when silicon-photodiode transfer detectors are used, for the bandwidth of the light to be smaller than 0.01% of the wavelength. 1Because the quantum efficiency of silicon photodiodes is nearly 100% in the visible, their spectral response increases roughly linearly with wavelength. Hence for these detectors to be calibrated with a relative standard uncertainty of 0.01%, either the wavelength must be known to 0.01% or the spectrum of a broad source must be well characterized; the former is more convenient.2 Although this is not a rigid requirement, these considerations lead one to the use of laser sources.
The optical system for measurements at visible wavelengths is shown in Fig. 3 . The primary goal of the optical system is to generate a geometrically well-defined optical beam with a power level stable to better than 0.01% over the time required for optical measurements. Power stability is accomplished by the use of a laser stablizer 21 with an external monitor photodiode that receives a reference beam from a reflection from a wedged window. The feedback loop in the stabilizer controls the power in the optical beam so as to maintain a constant signal at this reference photodiode. So that all possible sources of fluctuations in the power of the beam can be compensated by the feedback loop, the beam splitter is located as far downstream in the optical path as possible.
So that the reference photodiode is shielded from stray light, it is located inside a box with a small entrance aperture. Although the reference beam is first visually aligned into the aperture, it is useful to have a measurable signal to check the alignment. A convenient and sensitive test is to adjust the angle of reflection of the reference beam from the wedged window so as to minimize the signal on a test detector 1located, for example, in the position of the trap detector in Fig. 32 . Recall that if the reference beam is moved off of the reference photodiode, the stabilizer will increase the transmission so as to maintain a constant signal from this photodiode, thus resulting in an increase in the signal on the test detector. Hence when the signal on the test detector is minimized, the reference beam is optimally aligned onto the reference photodiode.
We obtain a well-defined beam by focusing the laser light with a microscope objective 1focal length of 15 mm2 on a 25-µm aperture. The microscope objective is slightly defocused to overfill the aperture, creating an Airy diffraction pattern. A variable iris was used to allow only the bright central spot of the diffraction pattern to pass through. Because the edges of the iris can be located at the first minimum of the diffraction pattern, there is minimal scattering from these edges. A recollimating lens is then located so as to yield a beam waist near or slightly beyond the cavity; the typical beam diameter is 1-2 mm. The location of the focal point of the lens is not critical; as a test, we located the waist before the Brewster window, thus producing a 6-mm-diameter diverging beam at the cavity, and we found less than a 0.03% change in the calibration of a trap detector 1see Subsection 2.C.3.2.
The only optical elements in the beam following the wedged window are a Glan-Thompson polarizer that is adjusted to minimize the reflection from the Brewster window and a mirror that reflects the laser light into the radiometer. The polarizer is located after the wedged window so that any possible birefringence in the wedge will not lead to imperfect linear polarization at the entrance to the radiometer. Because the laser light is nearly 100% polarized after exiting the stabilizer, there should not be any laser power instability generated by this arrangement. Although the final turning mirror could affect the polarization of the beam if the direction of the polarization were at an arbitrary angle to the plane of incidence, this effect is negligible in this system because the light is polarized perpendicular to the plane of incidence of the mirror. A computercontrolled shutter is positioned before the final turning mirror to block the laser during electrical heating of the cavity. For scattered laser light to be minimized, an aperture is located just above the turning mirror 1but below the height at which transfer standards are rotated into position; see Subsection 2.C.3.2. This aperture can typically reduce the signal on the quadrant photodiodes by a factor of 5.
C. Measurement Instrumentation
The measurement and control system is shown schematically in Fig. 4 . The various subsystems are described below.
Temperature Measurement
Cavity temperature measurements are made by measurement of the resistance of the GRT's by the use of a standard four-wire configuration. A fixed current of 10 µA is supplied to the GRT by the use of a constant current source, and voltage V GRT across the GRT is measured with a dedicated digital nanovoltmeter. The resistance of the cavity GRT varies from 780 V 1at 5.0 K2 to 580 V 1at 5.8 K2; hence the magnitude of V GRT is between 7.8 and 5.8 mV. We determine V GRT by averaging voltages V GRT1 and V GRT , which we obtain by averaging four measurements that use positive and negative polarity of the applied current, respectively. This approach is used to eliminate voltage offsets from thermoelectric junctions in the wiring. A settling time of 10 s is allowed after the change in the polarity of the current before the GRT voltage is measured.
Electric Power
The electrical power applied to cavity heater P H is given by V H I H , where V H is the voltage across the heater and I H is the current flowing through it. In terms of the actual measured quantities,
where V R is the voltage across a standard resistor in series with the heater, and R is the resistance of the standard resistor 110.00079 kV2. Using a standard four-wire dc measurement, one can measure V H through a multiplexer with a high-accuracy digital voltmeter. The same voltmeter and multiplexer are also used to measure V R . Current I H is supplied by a constant current source. The resistance of the thin-film heater decreases from 9700 V 1at 5.0 K2 to 8500 V 1at 5.8 K2. Because the current to the heater is held constant during a measurement, this dependence causes the actual electrical power dissipated in the heater to depend on its temperature. It would be preferable for the resistance to be independent of temperature. However, the negative heater temperature coefficient does produce a compensating or damping effect for thermal noise. If the temperature of the heater increases 1for example, from temperature drift of the cavity2, its resistance and hence the dissipated power decreases, which reduces the magnitude of the temperature excursion. This is preferable to a positive temperature coefficient, which would tend to magnify any temperature fluctuations.
Transfer Standard Detectors
Transfer standards must be used to transfer the optical power measurements with the HACR to other instrumentation used for radiometric measurements. Typically, silicon-photodiode light-trapping detectors 1,2,4 are used as high-accuracy transfer detectors in the visible and UV spectral ranges, whereas other solid-state detectors and thermal detectors 1such as pyroelectric and thermopile detectors2 are typically used at infrared wavelengths. Measurements of the quantum efficiency of trap detectors in the spectral range from 406 to 920 nm are described in a companion paper. 5 However, in Section 3 of this paper we describe measurements performed with these detectors that were useful for evaluating certain components of the measurement uncertainty of the HACR.
The transfer-standard detectors are mounted on a motor-driven rotating carousel, which positions the detectors in the optical beam path below the Brewster window. The carousel is mounted on a linear translation stage, which, with the rotation, permits alignment of each detector to the optical axis. The rotation and the linear translation are computer controlled, allowing for automatic alignment and repeatable positioning of the transfer-standard detectors. Signals from the trap detectors are measured with calibrated transimpedance amplifiers and a multiplexing digital voltmeter.
D. Thermal Characterization
We facilitate determination of the approximate heater current required to produce a given equilibrium voltage on the cavity GRT during a measurement cycle by first characterizing this relationship in advance, and then, during the course of operation, improving the baseline characterization iteratively.
This baseline measurement relates the equilibrium cavity GRT voltage V E to the programmed value of the electrical heater current I H rather than to the heater's corresponding input power. When I H is changed, sequential determination of V GRT shows convergence toward a new equilibrium value. We tested the thermal behavior of the cavity by stepping I H through the normal range of input currents, in both increasing and decreasing passes, and finding V E at each setting.
We determined the equilibrium cavity GRT voltage V E by fitting V GRT as a function of time to a double exponential function, as shown in Fig. 5 . This empirically determined functional form was found to converge to the same equilibrium value, within fitting uncertainty, regardless of the previous cavity temperature. Other functional forms, such as a single exponential, yielded a bias in the predicted equilibrium values depending on whether the temperature was increasing or decreasing toward the new equilibrium. 1An analysis of the thermal characteristics of the system will be presented in an upcoming paper.2 The temporal behavior of V GRT after a step change in I H is described by
where t 1 5 116 6 3 s and t 2 5 245 6 8 s. The values of t 1 and t 2 were determined by nonlinear leastsquares fits to 21 data series. The uncertainties given are the standard deviations of the values obtained from these fits. This expression 1with t 1 and t 2 held fixed2 allows coefficients C 0 , C 1 , and C 2 to be determined by linear fitting in real time, in a closed-form expression that is computed quickly after each new determination of V GRT . The accuracy with which these fitting parameters can be determined is insensitive to the exact values of t 1 and t 2 . When the relative standard uncertainty in the value of fitting parameter C 0 drops below 10 25 , 
We determined a functional form V E 5 F1I H 2 by fitting the data for V E versus I H to a fifth-order polynomial. This function was then inverted numerically and fit by a new polynomial function I H 5 G1V E 2, which is shown in Fig. 6 . This function is used to estimate the current needed to produce a given equilibrium GRT voltage.
To understand the shape of G1V E 2, we applied the basic heat-conduction law in conjunction with the temperature dependences of the GRT resistance, heater resistance, and conductance of the thermal link. We used a standard functional form 22 to fit calibration data for the cavity GRT, an estimate for the temperature dependence of the conductance of the thermal link, and a fit to data for the temperature dependence of the heater resistance. The calculated shape of G1V E 2 is also shown in Fig. 6 , and it is in excellent agreement with actual function G1V E 2. The only adjustable parameter was the conductance of the thermal link at one temperature, which was varied so as to overlap the calculated shape with G1V E 2. G1V E 2 is remarkably linear, which would not necessarily be expected beforehand. Because the required heater power varies linearly with the temperature change of the cavity 1neglecting the temperature dependence of the conductance of the thermal link2, the heater current varies as the square root of the temperature change 1neglecting the temperature dependence of the heater resistance2. However, because of the compensating nonlinear dependence of the GRT resistance on temperature, the dependence of I H on V E is roughly linear. The shape of G1V E 2 is only weakly dependent on the temperature dependences of the heater resistance and thermal link conductance.
In principle, the reference-block temperature is fixed, and the temperature of the receiving cavity depends solely on the applied power 1either optical or electrical2. In practice, the cavity temperature drifts on a time scale of many hours. We believe that this slow drift is due to changes in the temperatures of the Brewster window and thermal shields. As a way to correct for these small drifts, an additional parameter DI H was used to adjust the predicted heater current. This small adjustment to the heater current is determined during each measurement cycle and is given by
where V L is the equilibrium GRT voltage obtained from optical heating and used to determine I H , and V 1 is the actual equilibrium GRT voltage obtained from the application of a current of I H to the heater. The derivative of function G1V E 2 is evaluated from the coefficients of a fifth-order polynomial. The value of DI H is used and then updated each measurement cycle.
Optical Power Measurements

A. Measurement Procedure
Because of the 4-min time constant of the cavity, measurements of optical power with the HACR are very time consuming. Initial measurements were made manually; an operator watched the time behavior of the cavity GRT voltage 1sampled every 60 s2, along with a running average of ten measurements. When the apparent equilibrium temperature was reached, the value of the running average was recorded. Experience showed that this required 30 min or more. To reduce both the subjective judgment and the time and human resources for the measurements, we developed the exponential fitting algorithm 1described above2 that yields a reliable prediction of the equilibrium GRT voltage in approximately 15 min. Furthermore, the entire measurement procedure is computer controlled, allowing for unattended operation. We now discuss the measurement algorithm. The measurement of optical power using the HACR requires the determination of the electrical power required to produce the same equilibrium cavity GRT voltage V L as was produced under the influence of optical heating. This is accomplished in three cavity-temperature measurement cycles, the first with laser heating of the cavity followed by two iterations with applied electrical power. Thus one complete measurement of laser power is completed in approximately 45 min.
The measurement sequence is initiated when the shutter is opened, which begins the optical heating cycle. After V L has been determined, the shutter is closed and electrical heating begins. A first estimate of the heater current that is expected to reproduce V L 1determined from the thermal characterization described in2 is applied to the heater. The equilibrium GRT voltage V 1 and its corresponding heater power P 1 are then measured. From the difference between V L and V 1 , a small correction DI H Fig. 6 . Function G1V E 2 that is used to predict heater current I H needed to produce a given equilibrium GRT voltage. The solid curve shows G(V E ), and the dotted curve (with filled circles) shows a calculation of the expected shape of G1V E 2 as described in the text.
is applied and a new value for the heater current is determined. This new value of the heater current is applied and the new equilibrium GRT voltage V 2 and its corresponding heater power P 2 are measured. The value of electrical power P H that would produce V L is then calculated with a linear approximation, given by
Optical power P L is then given by
where P S is the estimated optical power scattered out of the field of view of the cavity, A is the absorptance of the cavity, T is the transmittance of the entrance window of the HACR, and N is a factor to take into account any nonequivalence between the optical and electrical heating. We discuss the measurement and uncertainties of these corrections in the next subsection. Concurrent with the first electrical heating cycle, the response of the transfer detectors is measured. During the first electrical heating cycle, the transferstandard detectors are sequentially rotated in front of the window, and the shutter is opened. The signals from the transfer detectors are measured both with the shutter open and closed to correct for offsets caused by background or scattered light.
B. Corrections and Type B Uncertainties
The components of the 0.021% combined relative standard uncertainty in a measurement of P L are listed in Table 1 . 1Hereafter the combined relative standard uncertainty is referred to by the shortened phrase combined uncertainty, and the relative standard uncertainty components are referred to by the shortened phrase uncertainty components.2 They are divided into components arising from type B 10.019%2 and type A 10.010%2 uncertainties. 23 1The terms type A and type B distinguish between uncertainties that are determined by statistical methods or other methods, respectively.2 The type A component is discussed in Subsection 3.D. The largest correction factor and associated uncertainty component is in the measured value of the transmission of the entrance window 1T2. Other corrections include the measured values of scattered optical radiation 1P S 2 and the cavity absorptance 1A2. Also listed is the uncertainty component in the value of N, which is based on experimental tests for possible nonequivalence errors, described in Subsection 3.C. 1No correction is applied for nonequivalence; hence N 5 1.2 The uncertainty component in P H consists of the small uncertainties in the measurements of V H , V R , and R. The value of R was obtained from a direct calibration at NIST, whereas the voltage measurements are traceable to NIST through the manufacturer of the digital voltmeter.
With the single exception of P S , the components of the combined relative uncertainty in P L are approximately equal to the relative uncertainties in the measured quantities themselves; this is because T and A are very nearly equal to unity, and P S 9 P H . For P S the relative uncertainty component is obtained by multiplication of the relative uncertainty by the ratio of P S to P H . We now discuss the most important of these uncertainties in more detail.
Window Transmission
A correction is applied to the optical power measurement to account for the transmittance of the entrance window. The transmittance is determined when the signal on a silicon-photodiode trap detector is measured with and without the window in the beam. These measurements are performed with the window removed from the HACR. The window is oriented at the Brewster angle by minimization of the reflection, which is the same method used when the window is installed in the HACR. Minimizing the reflection is not a critical adjustment and can be done by eye 1or at near-infrared wavelengths, with an infrared viewer2.
Cleanliness of the window, as well as careful measurements of its transmittance, are required to minimize the correction and uncertainty. To arrive at a typical value for the window transmittance and its uncertainty, we use the results of a recent series of measurements at nine wavelengths between 406 and 920 nm. For each wavelength, the window transmittance was measured before it was installed in the HACR. The measurements were repeated many times with a new alignment of the Brewster angle and position of the beam on the window. For these nine wavelengths, the mean transmittance measured on clean windows that were ready for installation in the HACR was 0.99976. The typical relative standard deviation of these measurements at any given wavelength was 0.01%, caused by a combination of measurement uncertainty and spatial variation. A window was typically installed in the HACR for a few days to a few weeks, while optical power measurements were carried out. The window was then removed and the transmittance measured again. The mean transmittance after removal was 0.99963, and the typical relative standard deviation at any given wavelength was 0.016%; the increased relative standard deviation was due to increased spatial variation across the window. This drop in transmission and increased spatial variation was reversible upon cleaning the window and is presumed to be due to contaminants that were deposited on the window. Because we do not know exactly when these contaminants collected on the window, or exactly what region of the window the beam passes through during the optical power measurements, we must assign an uncertainty that encompasses the full range of the transmittance values obtained. For each wavelength we determined the correction to the optical power by averag-ing all the transmittance values obtained 1before and after2, and we assumed a uniform probability distribution for all these values to assign the uncertainty. The transmittance correction and associated uncertainty component quoted in Table 1 is the average transmittance 10.999702 and average uncertainty 10.016%2 for the nine wavelengths at which we have made measurements. The uncertainty of the window transmittance dominates the total uncertainty for optical power measurements with the HACR, and we could obtain improved accuracy by reducing this uncertainty. We expect that the uncertainty in the window transmittance can be reduced to below 0.005% with improved methods for the measurement and cleaner conditions in the laboratory.
Although one side of the window is under vacuum during HACR operation, the window transmittance measurements are performed in air. The pressure drop across the window could, in principle, affect the reflectance, if the window were stressed. However, we measured the reflectivity of the window while it was mounted on the HACR and found it to be less than 0.001% 1this test was done at 770 nm2. Furthermore, because the dominant cause of imperfect window transmittance appeared to be from contaminants on the window, we expect no increase in the uncertainty in this correction caused by this issue.
Scattered Optical Power
Light can be scattered at small angles by elements in the optical system such that it is still near the beam upon entrance to the HACR but does not enter the cavity. A correction is applied to the optical power measurement for this scattered laser light. 1This light would also be intercepted by the trap detectors.2 Because most of this light is still near the beam, we account for it by summing the optical power detected by the eight quadrant photodiodes and by using this value for P S in Eq. 152. For an optical power level of 0.8 mW, the typical magnitude of P S is 50 nW. Light can also be scattered by the Brewster window, and some may be scattered outside the cone that will impinge on the quadrant photodiodes. However, light scattered into large angles will tend to be accounted for in window transmittance measurements. There is a range of angles for which light scattered by the window does not reach the trap detector used during transmittance measurements, but that does reach the quadrant photodiodes. The optical power associated with this light is accounted for twice 1in both the transmittance and scattered power corrections2 and thus constitutes a systematic error. Hence we have assigned a conservative uncertainty component that is equal to P S @P H . Ideally, the trap detector used during transmittance measurements should be located such that its active area subtends the same solid angle as is subtended by the quadrant photodiodes, with the center of the window as the origin in both cases.
To investigate the issue of scattered laser light further, we simulated the trajectory of the beam outside the HACR 1but with a Brewster window in the beam path2 so that we could measure the variation in the optical power along the beam path. Similar measurements were recently discussed by Stock et al. 19 We found that the signal on a trap detector that was translated by 65 cm 1corresponding to the distance between the carousel and the HACR cavity2 varied by less than 0.01%, which is consistent with the magnitude of the optical power detected by the quadrant photodiodes. We also found that the aperture located just after the last turning mirror affected the level of variation in the optical power along the beam path, which is consistent with our observation that this aperture reduces significantly the signal on the quadrant photodiodes.
C. Nonequivalence Errors
The underlying principle of electrical-substitution radiometry is the equivalence of optical and electrical heating, i.e., the requirement that a given quantity of power absorbed by the cavity will lead to a certain temperature rise, regardless of whether the source of this power is the electrical heater or incident laser light. Potential sources of nonequivalence require calculated estimates or indirect systematic checks to establish their magnitude.
Nonequivalence errors were considered by Quinn and Martin 10 and by Martin et al. 12 Because the design of the HACR closely parallels the radiometer described by Martin et al., 12 much of the analysis in this study is relevant to the HACR. However, there are also nonequivalence issues associated with the differences between the HACR and the Martin et al. radiometer. We present additional systematic checks that we performed to test for possible nonequivalence errors. In the context of our automation sequence, we use the term nonequivalence to refer to any difference between the response of the HACR for the optical and electrical heating cycles, even when the cause is not actually a difference in optical and electrical heating. This distinction will become clearer in the subsequent discussion. a The optical power level is 0.8 mW. The type A uncertainty at other power levels is shown in Fig. 9 . The measured value of A and representative values of T and P S are also listed.
Power-Dependent Nonequivalence Errors
The actual observable used to compare optical and electrical heating is the voltage across the GRT that is thermally sunk to the cavity. Although background heat sources that could elevate the cavity temperature above that of the reference block 1or the GRT temperature above that of the cavity2 are minimized, any remaining background heat sources must have the same magnitude for both the optical and electrical heating cycles. Here background includes all sources other than optical or electrical heating; an example is self-heating of the GRT.
To test for a nonequivalence caused by different background levels, one can measure the quantum efficiency of a detector known to be linear 13 as a function of laser power. Any difference in background will result in a systematic dependence of the measured quantum efficiency h m on the measured optical power P m . We performed such an experiment with silicon-photodiode light-trapping detectors; the results are shown in Fig. 7 for two cases: before 1shown by open circles2 and after 1filled squares2 a nonequivalence in background heating was eliminated. If we suppose that the origin of the systematic dependence shown by the open circle data in Fig.  7 is due to a nonequivalence in background heating, then this dependence can be modeled by
when h and C are fitting parameters that represent the true quantum efficiency and the difference in background heat, respectively. As shown in Fig. 7 This would result in a 0.019% nonequivalence error for a laser power of 0.8 mW. For the data shown by filled squares, the fit yeilds C 5 24 6 10 nW, which puts an upper limit of 0.003% for this source of nonequivalence. The background heat difference was rooted in an electrical transient that was produced by the current source for the cavity GRT when the sign of the current was reversed. Such a heat source, if constant, would not lead to a nonequivalence; however, the nonequivalence arose because of a slight difference in the rate of current reversals between the optical and electrical cycles. This difference was due to the integration of trap-detector measurements into the first electrical cycle. We easily eliminated the transient by briefly switching the current off before changing its sign.
Measuring the variation of a quantum efficiency calibration with optical power actually tests for any source of nonequivalence that is dependent on the optical power. The data obtained after elimination of the extraneous heat source, shown as filled squares in Fig. 7 , were used to put an upper limit on the magnitude of any such nonequivalence error. This required choosing the expected systematic dependence and fitting the data to that form. To derive an approximate upper limit for power-dependent nonequivalence errors 1without knowing the expected form2, we fit the data shown by filled squares in Fig. 7 to a line and use half of the change in quantum efficiency from zero laser power to 1 mW. This approximate upper limit is 0.003 6 0.002%, whereas for the data using another trap detector 1not shown2 it was 0.007 6 0.002%. From these tests we estimate a contribution of 0.005% to the uncertainty in the value of N.
Cavity-Temperature Gradients
The temperature rise induced at the location of the cavity GRT must be independent of the heating source. Hence the cavity GRT is located near the thermal link, which is a region through which all the heat conducted through the thermal link must flow, regardless of the heating source. One can obtain additional insurance by making the location of the optical heating similar to that of the electrical heating. Because the thin-film heater is located where the laser beam is incident upon the inclined surface of the cavity, heat is deposited from both the laser light and the electrical heater at nearly the same location. In addition, the increased radiation from any area that potentially could be overheated 1i.e., not remain in thermal equilibrium with the cavity2 would be predominantly reabsorbed in the cavity itself. Nevertheless, it is desirable to have some test of these issues. We have performed one test and plan to do a second test in the future. To test whether there might be a nonequivalence in the temperature rise induced at the location of the GRT, we measured the quantum efficiencies of four trap detectors by using a second GRT that is located off center on the top of the cavity. The average difference in the quantum efficiencies that were measured with this GRT, as compared with those that were measured with the centered GRT, was 20.002 6 0.004%. The second test is to compare the results obtained with the wire-wound heater with those obtained with the thin-film heater. Unfortunately, failure of the connections to the wire-wound heater has delayed such a test. Nevertheless, this test was described by Martin et al. 12 using two wire-wound heaters; the result found was that the temperature rise of the cavity, as measured by a GRT in the same location as the central GRT on the HACR, was independent of the heater used to within 0.002%. We expect that the thin-film heater should mimic the heating produced by the laser even more closely than does a wire-wound heater. Based on these two tests and the results of Ref. 12, we estimate a contribution of 0.004% to the uncertainty in N.
D. Type A Uncertainties
To evaluate the precision of the HACR, we want to repeat measurements of the optical power and evaluate the standard deviation in the measurements. However, this method presumes that the long-term drift of the optical power of the source is small compared with the typical random variation between sequential measurements. Drifts of the optical power that are slow compared with the time scale of an individual measurement of optical power by the HACR will not substantially affect the precision of any given measurement, but they will enlarge the standard deviation of a series of measurements. To address this issue, we recall that the HACR is used to calibrate transfer standards, and that the calibration factor will be approximately independent of slow drifts in the optical power of the source. Hence we evaluated the type A uncertainty of the optical power measurement by the HACR not by measuring the standard deviation of repeated measurements of the optical power, but rather by repeated determinations of the quantum efficiency of a trap detector. Implicit in this approach is that the random variations in the measured values of the quantum efficiency are dominated by the random variations in the determination of the optical power by the HACR. Figure 8 shows that this assumption, although not perfect, is reasonable. 1For this particular data set the long-term drift of the laser power was very small.2 Using a He-Ne laser as the source, we found that the relative standard deviation of a series of repeated measurements of the quantum efficiency was typically 0.010% at an optical power level of 0.8 mW. This value is listed in Table 1 as the type A component of uncertainty.
Further insight into the sources of this type A uncertainty was obtained by examination of its variation with optical power. 1Once again, we assume that the random variations in the determination of quantum efficiency are dominated by the HACR measurement.2 Because of our study of power-dependent nonequivalence errors 1Subsection 3.C.1.2, these data were readily available to us and are shown in Fig. 9 . The data are well fit by the assumption that the relative standard uncertainty varies inversely with the optical power. Neglecting variation in the conductance of the thermal link, we would expect this for a system that is dominated by an absolute uncertainty in temperature measurement that is independent of optical power. We now describe a series of experiments that support this hypothesis. Each experiment can be viewed as a progressive decrease in the complexity of the HACR measurement. Fig. 8 . Plot illustrating the variations in repeated measurements of three quantities: the optical power of an intensitystabilized He-Ne laser as determined by the HACR 1solid curve2, the signal from a trap detector illuminated by this laser 1dashed curve2, and the quantum efficiency of the trap detector as determined from the first two quantities 1dotted curve2. We can see that the dominant source of random variation in the measurement of quantum efficiency is in the optical power measurement by the HACR. Fig. 9 . Type A uncertainty of the HACR versus optical power, as measured by the relative standard deviation in measurements of the quantum efficiency of a trap detector. The solid curve shows a fit of the data to a form that varies inversely with optical power.
High-Accuracy Cryogenic Radiometer Measurements of the Electrical Heater Power
The first experiment simply was to use an electrical heating cycle in place of the usual optical cycle. Because the electrical power from the heater is quite stable 1the drift of the heater power in an overnight run was typically 0.003%2, we can directly evaluate the precision of a HACR measurement of electrical heating. This experiment allows us to eliminate optical contributions to the uncertainty, in particular the contribution of the laser stability. 1Here we are interested in the stability of the optical power for the 15 min of the optical heating cycle, rather than the long-term stability. 2 We found that the standard deviation of repeated measurements of the electrical heater power was 0.008% at a power of 0.8 mW, which roughly indicates the magnitude of the optical contributions to the 0.010% standard deviation. In tests of the stability of the He-Ne laser, which we performed by monitoring the signal on a trap detector placed in the beam, the maximum observed change in the signal in 15 min was 0.005%.
Because we knew the actual power of the electrical heater from the measurements of V H , V R , and R, we compared this value with the result obtained from the HACR. In our first tests, we found a reproducible difference of 20.008 6 0.004% between the actual heater power and the HACR's determination of the heater power. This percentage difference was independent of the heater power; hence this systematic error was not apparent in our tests for powerdependent nonequivalence errors. The discrepancy was traced to a small transient that injected power into the heater circuit when the multiplexing digital voltmeter read the signal from the transimpedance amplifiers that are used with the trap detectors. 1This multimeter is used with a multiplexing unit, which allows one meter to be used for trap-detector amplifier output voltage, heater voltage, and standard resistor voltage measurements, but unfortunately also allowed for coupling of the amplifier circuits to the heater.2 Upon eliminating this problem, we found that the actual heater power agreed with the HACR's determination of the heater power to within 0.001%.
Stability of the Cavity-Temperature Measurement
We then simplified the computer control further by not varying the heater current, as it normally would be in the two electrical heating cycles 1see Subsection 3.A2. This allowed us to observe the repeatability of V E for a fixed heater current. Random variations in V E that occur in the absence of any change in the applied heater power are measurement errors that will result in uncertainty in all HACR measurements. The magnitude of this uncertainty was determined by the use of the function G1V E 2 to determine the variation in heater current 1and hence heater power2 that would result from the observed variation in cavity GRT voltage. We found that the standard deviation in either V L 2 V 1 or V L 2 V 2 was typically 90 nV, which corresponds to a 0.006% variation in the heater power for an applied heater power at 0.8 mW. Hence the repeatability of V E accounts for most of the observed standard deviation of 0.008% described above.
Two possible sources of the observed cavity GRT temperature variations are instability of the reference-block temperature, and temperature variations induced in the cavity by the cavity GRT measurement instrumentation. In addition, there may be purely electronic noise 1i.e., not caused by real temperature changes2 on the cavity GRT voltage. To investigate these issues and improve the thermal performance of the HACR, we are currently testing the use of ac bridge electronics for both the cavity GRT resistance measurement and the referenceblock GRT control sensor.
Another source of variation in the cavity temperature is a change in the thermal radiation from the Brewster window. In Ref. 12 it was estimated that for the geometry of this radiometer, 13 µW of the power emitted by the window is absorbed by the cavity. Drift in the window temperature affects the cavity temperature, but only drifts on the time scale of a HACR measurement lead to an error in the HACR measurement of optical power. 1Note that this contribution to the uncertainty budget has already been included in the tests of the cavitytemperature stability discussed above.2 Although the window temperature may drift by 0.5 to 1.0 K as the laboratory changes temperature, we estimate that only rarely will the window temperature change by more than 0.1 K on the time scale of a HACR measurement. A 0.1-K change in the window temperature would lead to a 0.13% change in the thermal radiation from the window, which, for the above 13-µW estimate, is only 0.002% of our typical 0.8-mW optical power. We tested the effect of drift in the window temperature experimentally by heating the entire window flange by a few degrees with a heating tape, while monitoring both the flange temperature 1as close to the window as possible2 and the cavity temperature. With this simple arrangement only a rough test could be performed, but our results were consistent with the expected temperature rise of the cavity, within 50%. Hence we are confident that the magnitude of this small 1but not negligible2 effect is understood.
Conclusion
We have described the construction and operation of the new NIST primary standard for optical power measurements, the high-accuracy cryogenic radiometer. A computer-controlled, automated measurement procedure has improved both the efficiency of optical power measurements and the evaluation of uncertainties. A detailed analysis of the uncertainty components has yielded a value of 0.021% for the combined relative standard uncertainty in the measurement of optical power, at an optical power of 0.8 mW. The dominant uncertainty component 10.019%2 arises from the uncertainty in knowing the actual window transmittance during a measurement. Systematic tests allowed us to detect and eliminate sources of nonequivalence that were not related to the thermal characteristics of the radiometer, but rather rooted in the instrumentation and the measurement algorithm. Such tests underscore the need for constant evaluation of potential systematic errors by as many methods as possible.
The uncertainty in optical power measurements with the HACR represent a fivefold improvement over the previous primary standard, a 100% quantum efficient device. In addition, the HACR can be used over a much larger range of wavelengths. In a companion paper, the realization of a new scale of absolute spectral response between 406 and 920 nm, based on the HACR, will be presented. We are currently extending the use of the HACR to ultraviolet and infrared wavelengths. A scheme for obtaining a wide tunable range from a single-laser system is being investigated. 24 At deep-ultraviolet wavelengths, the fundamental assumption that all the optical power is converted to heat will have to be revisited.
The analysis of uncertainties has revealed areas for future improvements of the HACR. Careful attention and procedures are required to determine accurately the value of the window transmittance. Alternatively, a system for eliminating this uncertainty can be implemented. 19 At the operating power of 0.8 mW that can be used at visible wavelengths, the type A uncertainty is approximately half of the combined type B uncertainty. However, significantly lower optical power may be required for transfer standards in other wavelength regimes, in which case the type A uncertainty will dominate. A series of measurements could then be averaged to reduce this uncertainty, if this is not precluded by drifts in the laser source or the transfer detector. Because improved temperature stability is required to reduce the type A uncertainty, we are currently investigating the use of ac bridge electronics for both the cavity GRT resistance measurement and the reference-block GRT control sensor.
